Purpose To develop transferrin (Tf)-targeted delivery systems for the pro-apoptotic drug, NCL-240, and to evaluate the efficacy of this delivery system in ovarian cancer NCI/ADR-RES cells, grown in vitro in a 3D spheroid model. Methods Tf-targeted PEG-PE-based micellar and ePC/ CHOL-based liposomal delivery systems for NCL-240 were prepared. NCI/ADR-RES cells were used to generate spheroids by a non-adhesive liquid overlay technique. Spheroid growth and development were monitored by size (diameter) analysis and H&E staining. The targeted formulations were compared to untargeted ones in terms of their degree of spheroid association and penetration. A cell viability analysis with NCL-240-loaded micelles and liposomes was performed to assess the effectiveness of Tf-targeting. Results Tf-targeted polymeric micelles and Tf-targeted liposomes loaded with NCL-240 were prepared. NCI/ADR-RES cells generated spheroids that demonstrated the presence of a distinct necrotic core along with proliferating cells in the spheroid periphery, partly mimicking in vivo tumors. The Tftargeted micelles and liposomes had a deeper spheroid penetration as compared to the untargeted delivery systems. Cell viability studies using the spheroid model demonstrated that Tf-mediated targeting markedly improved the cytotoxicity profile of NCL-240. Conclusion Transferrin targeting enhanced delivery and effectiveness of micelles and liposomes loaded with NCL-240 against NCI/ADR-RES cancer cells in a 3D spheroid model.
INTRODUCTION
A common feature observable in multiple cancer cell lines is the activation of the phosphatidylinositol 3-kinase (PI3K) pathway (1, 2) . The activation of the PI3K pathway via enhanced release of growth factors initiates a signaling cascade beginning with the phosphorylation of phosphatidylinositol-3,4-diphosphate (PIP 2 ) to a second messenger phosphatidylinositol-3,4,5-triphosphate (PIP 3 ). PIP 3 is responsible for activating several proteins through pleckstrin homology (PH) binding and consequently mediates multiple cellular functions via the Akt/mTOR pathway responsible for survival, growth and motility. The protein phosphatase and tensin homolog (PTEN) is a negative regulator via dephosphorylation of PIP 3 to PIP 2 that interrupts the PI3K pathway. A gain in activity of Akt/PIP 2 or a loss of function of PTEN results in an amplified PIP 3 and subsequent promotion of cancer cell survival. This marked dependence of cancer cells on the activity of the Akt/mTOR pathway makes it a reasonable target for drug research (3) .
A n e w a n t i -c a n c e r d r u g , N -[ ( 2 -h y d r o x y -5 -nitrophenyl)amino]carbonothioyl-3,5-dimethylbenzamide (DM-PIT-1), that targets the above pathway was recently reported (4) . It is a small molecule inhibitor of PI3K/PH binding that inhibits tumor growth. Because this drug lacks sufficient stability in biological fluids, a second generation of analogs of DM-PIT-1 with improved stability was developed (5, 6) . However, since these drugs are highly water insoluble, nanocarriers have been developed that improve drug solubility and delivery (5, 7, 8) .
We have used two of the widely used lipid-based nanocarriers, lipid-core micelles and liposomes, for encapsulation and delivery of NCL-240. The nanometer size range of these delivery systems makes them appropriate for passive targeting of drugs to tumors by utilizing the well-known enhanced permeability and retention (EPR) effect (9) . The efficacy of both micellar and liposomal formulations can be further improved by active targeting. Surface modifications with ligands specific for receptors over-expressed in cancers, or antibodies specific to tumor surface antigens, can enhance the accumulation of these nanocarriers and their encapsulated drug in a tumor. Among these, cancer cells are known to overexpress transferrin (Tf) receptors many-fold compared to normal cells (10, 11) . Hence, targeting the tumors with Tfconjugated drug delivery systems represents a logical approach for drug delivery. The micelles and liposomes can be surface-modified with the Tf ligand via p-nitrophenylcarbonyl (pNP) groups (12, 13) .
While multiple in vitro studies have been carried out to study the anti-cancer effects of drugs and drug delivery systems, most incorporate only monolayer cell culture models. Such monolayer cell cultures are a good reference point for the study of drug effects on cellular mechanisms of the cancer cell.
However, the tumor microenvironment also plays a major role in deciding the fate of the treatments, and promising leads identified through in vitro analyses have often failed in in vivo trials (14) .
Spheroids, as 3-dimensional cell cultures, can be used to closely mimic the solid in vivo tumor. In addition to the effects on cellular mechanisms, application of spheroid technology can be useful in understanding the fate of the drugs or drug delivery systems in a simulated tumor microenvironment (15) (16) (17) (18) . The 3-dimensional structures in spheroid cell cultures develop multiple cell-to-cell contacts and many other characteristics of in vivo tumor tissues. Spheroids allow for the development of a tumor-like microenvironment where they exhibit cellular and microenvironmental aspects of tumor growth, including a diffusion gradient of nutrients and oxygen, similar ratios of gene expression, accumulation of metabolites within the tissue, development of a necrotic core, and difference in proliferation of cells at periphery compared to the core (19, 20) . NCI/ADR-RES spheroids expressing Tf receptors were developed in a previous study (21) .
In this paper, we report on the use of lipid-core micelles and liposomes as nanocarriers for NCL-240 (an analog of DM-PIT-1) using NCI/ADR-RES cells cultured as spheroids. (Alabaster, AL). pNP-PEG 3400 -pNP was obtained from Laysan Bio (Arab, AL). The commercial lipids were used directly without further purification. The DM-PIT-1, analog NCL-240, was synthesized at the National Chemical Laboratory (Pune, India). Human holo-Tf used for surface modification of the micelles was obtained from Sigma Aldrich (St. Louis, MO). Micro bicinchoninic acid assay (Micro BCA TM ) kits for determining protein concentrations were purchased from Thermo Scientific (Rockford, IL). 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
MATERIALS AND METHODS

Cell Culture
NCI/ADR-RES (National Cancer Institute, Frederick, MD) cells were cultured in Dulbecco's modification of Eagles Medium (DMEM; CellGro, Kansas City, MO). The media was supplemented with 10% Fetal Bovine Serum (FBS) and a 1% antibiotic solution (10,000 IU/ml penicillin, 10,000 μg/ ml streptomycin, and 25ug/ml amphotericin B) to obtain serum-containing complete media. 
Methods
Synthesis of pNP-PEG 3400 -PE pNP-PEG 3400 -PE was synthesized based on a previously developed protocol (13) . Briefly, pNP-PEG 3400 -pNP in anhydrous chloroform, DOPE and triethylamine (TEA) were added to a 50 ml pear shaped flask. The reaction was allowed to occur at room temperature (RT) overnight under nitrogen with constant stirring. The organic solvents were removed by rotary evaporation. The formed film was freeze dried for at least 4 h. The film was then rehydrated using 1.0 mM HCl and separated on a sepharose column. The elution samples were collected and examined using thin-layer chromatography (TLC) to determine the fractions in which the pNP-PEG 3400 -PE product was eluted. The fractions that tested positive on the TLC were pooled, lyophilized, weighed and reconstituted in anhydrous chloroform to make the required stock solutions. The stock was stored at -80°C.
Drug-Loaded Lipid-Core Micelles
Drug-loaded lipid-core micelles were prepared using a thin film hydration technique (8, 22) . Briefly, films of PEG 2000 -PE with or without 6% NCL-240 (w/w) were prepared by rotary evaporation in a round bottom flask and freeze dried using a Freezone 4.5 Freeze Dry System (Labconco, Kansas City, MO). The lipid films were then rehydrated with 1× phosphate buffered saline (PBS) pH 7.4 to achieve a 15 mg/ml total lipid concentration followed by vortexing for 5-10 min. The resultant micelles were centrifuged at 13,000 rpm for 5 min and sterile filtered through a 0.2 μm polyethersulfone (PES) filter (Nalgene, Rochester, NY).
To analyze the amount of the drug loading in micelles, a reverse phase Xbridge C 18 (2.1 cm × 250 cm) column (Waters Corporation, Milford, MA) was used on a Hitachi Elite LaChrom HPLC with autosampler (Pleasanton, CA). The mobile phase consisted of an isocratic mixture of 80:20 acetonitrile:water at a 1 ml/min flow rate. NCL-240 was detected as a peak in the absorption spectrum at a wavelength of 300 nm at a retention time of 5 to 5.5 min. The concentration of NCL-240 was obtained by measuring the area under the curve of the chromatogram and extrapolating it via a standard curve of NCL-240.
Preparation of Transferrin-Conjugated Micelles (Tf-Micelles)
Tf-micelles were also prepared by a thin film hydration technique (22) . Briefly, PEG 2000 -PE in chloroform was added to a round bottom flask with pNP-PEG 3400 -PE in chloroform (10 mole % of PEG 2000 -PE). The organic solvents were evaporated using a rotary evaporator, and a film was formed during freezedrying. At a molar ratio of pNP-PEG 3400 -PE to Tf of 2.5:1, a Tf stock was made in a 1:5 aqueous mixture of citrate buffered saline (CBS), pH 5.5 and 1× PBS, pH 7.4. The film was rehydrated with this mixture, vortexed and the pH was adjusted to 8.5. The reaction continued overnight at 4°C to allow sufficient Tf conjugation and complete hydrolysis of unreacted pNP groups. These micelles were dialyzed for 4 h at RT using a 100,000 MWCO membrane in a beaker containing 1 L PBS, pH 7.4 under constant stirring, to remove the unconjugated Tf. A Micro BCA TM assay (Pierce, Rockford, IL) was carried out according to the manufacturer's protocol to measure the conjugation efficiency of the Tf to the micelles. Proton NMR spectra were run to confirm the formation of conjugates. All NMR spectra were recorded on a Varian NMR spectrometer at 500 MHz. Chemical shifts were recorded in parts per million (δ) relative to tetramethylsilane (TMS; 0.00 ppm) or solvent peaks as the internal reference.
Rhodamine-PE (Rh-PE), 1 mol%, was added along with the PEG 2000 -PE and pNP-PEG 3400 -PE to prepare the films either as Rh-labeled Tf-targeted or Rh-labeled untargeted micelles.
Preparation of Tf/NCL-240-Micelles
As described previously (5,23), adjacent micelles, being inherently dynamic, exchange their component monomers and form a homogenous population in solution. Hence, combinations of Tf/NCL-240-micelles were prepared by mixing appropriate amounts of NCL-240-micelles and Tf-micelles and incubation at RT for 4 h or overnight at 4°C to form a homogenous population.
NCL-240-Loaded Liposomes and Their Characterization
ePC/Chol/DOPE/CHEMS liposomes with or without NCL-240 were prepared by a thin-film hydration technique (24) . The molar ratio of the lipids was kept constant throughout all experiments at 64/24/6/6 respectively. Briefly, lipids in chloroform were added to round bottom flasks and the organic solvents were removed by rotary evaporation and freeze-drying to form a lipid film. The lipid film was hydrated using 1× PBS, pH 7.4 to obtain multi-lamellar vesicles (MLV) at lipid concentrations at 10 or 25 mg/ml. The rehydrated liposomes were sonicated briefly and incubated at 40°C for 15-20 min followed by sequential extrusion through 0.2 μm and 0.1 μm polycarbonate membranes using a mini held-hand extruder (Avanti Polar Lipids Inc., Alabaster, AL). Simultaneously, a 2 mol% PEG 2000 -PE film was prepared. This film was hydrated with the liposomal solution and incubated overnight in a shaker at 37°C to generate PEGylated liposomes by post-insertion. The liposomes were sterile filtered through 0.2 μm polyethersulfone or nylon membrane filters.
Transferrin-Conjugated Liposomes
1 mol% pNP-PEG 3400 -PE film was prepared independently of NCL-240 liposomes. The film was rehydrated with PBS containing Tf, adjusted to pH 8.0. The molar ratio of pNP-PEG 3400 -PE:Tf was 2.5:1 and the conjugation reaction with Tf was carried out overnight. The final lipid concentration was 15 mg/ml for the resulting Tf-pNP-PEG 3400 -PE micelles which were then dialyzed against an excess of 1× PBS, pH 7.4 for 4 h. The Tf-conjugation efficiency was measured using the Micro BCA TM assay. The Tf-PEG 3400 -PE was inserted into the bilayer of NCL-240 liposomes by overnight mixing in a shaker at 37°C.
For cell association studies, 0.5 mol% Rh-PE, was added along with the lipid films to generate either Rh-labeled untargeted or Tf-targeted liposomes.
Characterization of Delivery Systems
The micelles and liposomes were characterized for their size, using a Coulter N4 Plus (Beckman Coulter, Pasadena, CA) and zeta-potential using a Zetaplus (Brookhaven Instruments Corporation, Holtsville, NY). The size and zeta potential were measured according to the manufacturer's protocols with samples diluted appropriately in distilled water.
Tf-Targeted Delivery Systems' Association with Cells
The association of Tf-micelles and Tf-liposomes with NCI/ ADR-RES cells was studied using fluorescence-assisted cell sorting (FACS) (BD FACS Caliber flow cytometer, San Jose, CA). NCI/ADR-RES cells were seeded in 12 well plates at a concentration of 1 × 10 5 cells/well and incubated overnight at 37°C and 5% CO 2 . After 24 h incubation, the media was replaced with fresh media and the cells were treated with 1 mol% Rh-PE plain micelles or Tf-conjugated Rh-PE micelles (lipid at 15 mg/ml) at 0.67 or 1.34 mol% Tf ligand. Alternatively, the cells were also treated with freshly prepared Rh-PE plain liposomes or Tf-conjugated Rh-PE liposomes (lipid at 15 mg/ml) at 0.5, 1.0 or 2.0 mol% Tf ligand. The amount of Rh-PE was kept constant for all treatments. After treatment with the formulations for 2 h, the media was removed, and the cells were harvested with trypsin-EDTA. The cell suspension was washed thrice with cold PBS, suspended in 250-300 μl PBS and analyzed immediately by FACS.
Spheroid Cell Culture
NCI/ADR-RES cells, maintained in an incubator at 37°C with 5% CO 2 in T150 flasks until 70-80% confluence, were trypsinized, counted and suspended in media for spheroid culture. Spheroids were developed by the non-adhesive liquid overlay method described by Friedrich, et al. (25) and optimized as outlined in (26) . Each well of a 96-well flat bottom, clear, tissue culture plate was coated with 50 μl of sterile 1.5% agar (Fisher Scientific, New Haven, NJ) in serum-free media. The plates were cooled for 45 min to form a non-adhesive coating with a concave meniscus. Cells, 1 × 10 4 in 100 μl, were seeded in wells of the prepared plates and centrifuged at 1500 g for 15 min using an Eppendorf 5804 R centrifuge (Hamburg, Germany). The media in the 96-well plates was replaced on alternate days with minimum spheroid disturbance. The compactness of spheroids was analyzed daily by visual inspection with a Nikon ECLIPSE E400 microscope and by light mechanical agitation using pipettes. SPOT 5.0 software was used to measure the size of the spheroids.
Hematoxylin & Eosin Staining of NCI/ADR-RES Spheroid Sections
Using large orifice pipette tips, whole spheroids were removed from the wells and washed gently with excess of PBS. The spheroids were transferred to a micro-centrifuge tube containing Tissue-Tek® O.C.T. compound. This suspension was transferred onto the slicing platform in a Thermo Scientific TM Microm HM550 cryostat (Fisher Scientific, USA). The spheroids were sectioned at a thickness of 8 μm, mounted on a slide and allowed to dry at RT before further processing. Sections taken at depths between 40 and 64 μm were selected for H&E staining.
The spheroids sections were cleared using xylene followed by rehydration with 3 decreasing concentrations (100%, 85% and 70%) of ethanol. The sections were washed with deionized water and stained with Protocol® Harris' hematoxylin for seven minutes. The stained sections were washed with water and decolorized with acid alcohol. They were then treated with a bluing agent (1.36% lithium carbonate) and immediately washed with water. It was followed by eosin Y staining for 30 s and dehydration with 3 increasing concentrations of ethanol (80%, 90% and 100%). The slides were viewed under the Nikon ECLIPSE E400 microscope, and images were taken with SPOT 5.0 software.
Drug Delivery System Penetration of Spheroids
NCI/ADR-RES spheroids were treated with Tf-targeted (0.67 or 1.34 mol% Tf) and untargeted Rh-labeled micelles or with Tf-targeted (0.5, 1.0 or 2.0 mol% Tf) and untargeted Rhlabeled liposomes. To study penetration of the delivery systems, the spheroids were collected after 2 h incubation with Rhlabeled formulations and washed with excess of PBS to remove unassociated formulations. They were transferred into 8 well optical chamber slides (Lab-Tek Chamber Slide System, Fisher Scientific) with 200 μl of PBS and analyzed immediately on a Zeiss LSM 700 confocal microscope with a 10× objective and 575-595 nm (Ex-Em) of rhodamine B with a 555 nm laser. Zstack images were obtained at fixed intervals of 11 μm from the periphery into the spheroid. Using ImageJ software, an area was selected within each Z-stack spheroid image to quantify the fluorescence intensity of rhodamine, which correlated with the spheroid penetration by the delivery system. The corrected rhodamine fluorescence intensity was plotted against distance from the periphery for all treatments.
Spheroid Cell Viability
After the cultured NCI/ADR-RES spheroids reached their full compactness (day 4/5), they were treated with test formulations in serum-free media. The spheroids were treated for 4 h with drug-free micelles (empty micelles), untargeted NCL-240-micelles or Tf-NCL-240-micelles. The spheroids were likewise treated for 2 h with untargeted NCL-240-liposomes or Tf-NCL-240-liposomes. Following the treatments, serumfree media was replaced with serum-containing complete media for a further 24 h.
A CellTiter-Glo® Luminescence assay was performed to evaluate the overall viability of the spheroids. Briefly, the spheroids in replicate groups of 5 were collected into microcentrifuge tubes. First, the spheroid cells were dissociated with 200 μl of Accumax® Cell Dissociation solution at 37°C with constant stirring for 10-15 min, followed by multiple pipetting. An equal volume of FBS was added to stop the reaction. The tubes were centrifuged at 2,000 rpm for 5 min to form cell pellets and resuspended in a total of 200 μl of a mediaCellTiter-Glo® mixture (1:1). The cells were lysed by vortexing to form a clear solution. A suspension from each replicate (100 μl) was added to a 96-well black plate with a clear bottom and luminescence was measured with a Biotek Synergy HT plate reader (Biotek, Winooski, VT) after 10 min. The cell viability was calculated relative to the luminescence of the untreated spheroids (controls) and expressed as cell viability (%), estimated using the formula:
Cell viability % ð Þ¼ luminescence of treated cells=luminescence of untreated cells ð Þ *100:
Statistical Analysis
The data was generated in triplicate samples for statistical analysis. The results are reported as mean ± standard deviation. For statistical analysis, a one-way ANOVA was performed followed by Tukey's multiple comparison tests.
RESULTS
Polymeric Micelle Characterization
PEG 2000 -PE micelles were characterized for their size and zeta potential (Table I ). The encapsulation of NCL-240 into micelles did not change the size and zeta potential of the PEG 2000 -PE micelles. As expected, the surface conjugation with Tf (80 KDa) increased the size of the micelles from 17.8 ± 1.1 nm to 38.2 ± 5.2 nm and the zeta potential to −31.4 ± 0.9 mV with 0.67 mol% Tf. An increase in Tf concentration led to a further increase in the size of the micelles. The encapsulation efficiency of the NCL-240 drug in the micelles was calculated using reverse phase HPLC (5). Addition of 6% w/w of NCL-240 to films of PEG 2000 -PE resulted in a loading efficiency of 92.1 ± 4.4% (n = 3). The total lipid concentration in the system was 15 mg/ml.
A Micro BCA TM assay was performed on Tf-micelles to estimate the Tf-conjugation yield. The Tf-micelles were measured against a bovine serum albumin standard provided with the kit. With an initial loading of 11.5 mg transferrin per 11.6 mg of total lipids, the conjugation efficiency was 32.8 ± 3.2% (n = 3).
1 H NMR confirmed the formation of the Tf-PEG 3400 -PE formation (Supplementary Figure 1) .
Subsequently, the combination formulations were prepared by co-incubation of NCL-240-micelles and Tfmicelles for at least 4 h at RT. The lipid mixing and intrinsic dynamic characteristics of micelles resulted in formation of an uniform population of Tf/NCL-240-micelles (23). 
Characterization of NCL-240 Liposomes
The liposomes were tested for their ability to encapsulate NCL-240 using HPLC. The amount of NCL-240 encapsulated using a 4% w/w initial loading in 10 mg/ml liposomes was 315 μg/ml (encapsulation efficiency = 95.2 ± 3.8%). As indicated in Table I , the plain liposomes had a size of 144.2 ± 3.7 nm and a negative zeta potential at -42.3 ± 6.6 mV. NCL-240-loaded liposomes had similar size and zeta potential as the plain liposomes. Surface modification of the liposomes with Tf increased the liposome size by 24 to 51%.
Tf-Conjugated Delivery System's Association with Cells
NCI/ADR-RES cells were incubated in 12 well plates with untargeted and Tf-targeted Rh-labeled micelles or untargeted and Tf-conjugated Rh-labeled liposomes for 2 h followed by harvesting and FACS analysis. The mean fluorescence units of Rh-labeled formulations are presented in Fig. 1 . A clear increase in the association of micelles with NCI/ADR-RES cells after surface modification with Tf occurred at both Tf concentrations (Fig. 1a) . A highly significant increase in association of the Tf-conjugated liposomes over the untargeted liposomes was observed using 0.5, 1.0 and 2.0 mol% Tf (Fig. 1b) .
Spheroid Formation
After an initial period of 2/3 days as loose cell aggregates, the NCI/ADR-RES spheroids coalesced and became compact with a diameter reduction to~550 μm at day 4/5 [ Supplementary Figure 2 ; Fig. 2a ].
Hematoxylin and Eosin Staining of NCI/ADR-RES Spheroid Sections
This assay was carried out to establish whether the NCI/ ADR-RES spheroids mimicked the in vivo tumors by exhibiting characteristics including the presence of a necrotic core. H&E staining of spheroid sections was performed at day 7, 10 and 12 of spheroid growth [ Fig. 2b ]. The nuclei and the cytoplasm were of spheroid cells exhibited distinctly different zones with varying patterns of proliferation. Day 7 spheroids revealed the presence of a necrotic core (indicated by arrow) and a peripheral proliferative cell layer. Typically, a gradual increase in necrosis of the core occurred.
Micelle Penetration of Spheroids
Targeted micelles penetrated deeper than the untargeted [ Fig. 3a] . The corrected rhodamine fluorescence intensity vs. distance from the periphery showed a greater micelle association (as Rh pixel count) and penetration of deeper layers by micelles targeted with either 0.67 or 1.34 mol% Tf-micelles [ Fig. 3b] . Even though the size of the Tf-micelles was larger (38-45 nm) than the untargeted micelles (~17 nm), the peak penetration of the Tf-micelles was at considerably greater depths. The peak presence of the untargeted micelles occurred relatively near the spheroids' periphery (at 22 μm depth) and decreased with distance towards the core in contrast to the fluorescence peak intensities with 0.67 and 1.34 mol% Tf-micelles, which were observed at 44 μm and 66 μm, respectively.
Liposome Penetration of Spheroids
Confocal microscopy images depict the presence of Rhlabeled liposomes at depths from the periphery of the spheroids (Fig. 4a) . Quantitatively, the corrected Rh fluorescence intensity (as Rh pixel count) (Fig. 4b) indicates enhanced targeted liposome penetration at all levels of Tf-targeting.
Spheroid Cell Viability
NCI/ADR-RES spheroids were treated with different combinations of targeted and untargeted NCL-240 formulations (Fig. 5) . The empty Tf-micelles had no effect on cell viability. A significantly greater cytotoxicity of NCL-240 was seen when delivered using Tf-micelles [ Fig. 5a ]. The increased cytotoxicity was seen with a lower dose of targeted NCL-240 (25 μM) as compared to untargeted NCL-240 (50 μM) micelles.
Targeting the NCL-240-liposomes with transferrin also improved the cytotoxicity at 2 h of incubation [ Fig. 5b] . The 2.0 mol% Tf-targeted NCL-240-liposomes were significantly more toxic than the untargeted NCL-240 liposomes.
Although an improvement in spheroid penetration of the 1.0 mol% Tf-targeted liposomes occurred (Fig. 4) , an effect on cytotoxicity was not observed when compared to the untargeted liposomes.
DISCUSSION
The current study aimed to formulate two targeted lipidbased nano-delivery systems, loaded with a hydrophobic anti-cancer drug, NCL-240, and to observe their interaction with NCI/ADR-RES cancer cells grown in a 3D spheroid model. PEG 2000 -PE-based polymeric micelles were prepared by a thin-film hydration technique. The size of the NCL-240-loaded micelles was less than 20 nm and the zeta potential was negative. On surface-modification with transferrin, the size and the negative zeta potential of the resulting micelles increased. The increase in size of the Tf-micelles is the result of the relatively large size of Tf (80 kDa) and the more negative zeta potential is due to the net negative charge of the Tf protein. It is notable that even after conjugation with Tf, the size of the micelles remained below 50 nm which is considered ideal for tumor permeability-based drug delivery (27) . Polymeric micelles efficiently loaded more than 90% of initially-added NCL-240 within the hydrophobic core. A high loading efficiency was expected with NCL-240 because of its high lipophilicity (LogP = 5.18) of the drug (5).
Surface modification of the micelles with Tf ligand involved a conjugation step between the Tf and the pnitrophenylcarbonyl (pNP) group of the pNP-PEG 3400 -PE. The success of the conjugation reactions was confirmed by the proton NMR (Supplementary data).
Liposomes prepared with ePC, CHOL, DOPE and CHEMS encapsulated~95% of the added NCL-240. Again, the high lipophilicity of NCL-240 may have been responsible for the high encapsulation efficiency. The untargeted NCL-240 liposomes were homogenous in size at around 150 nm. The size increased after surface modification with Tf to a little over 200 nm indicating a presence of the large Tf molecules on the surface of the liposomes.
An ovarian cancer cell line (NCI/ADR-RES), resistant to doxorubicin (28) , was chosen to study the interactions with the Tf-based nano-delivery systems since it is known to overexpress Tf-receptors (21) . Both the delivery systems were analyzed for their association with the cells grown as monolayers. A concentration-dependent cellular association was clearly seen with targeted micelles. With liposomes, Tf-targeting induced greater cellular association. This result confirmed the suitability of NCI/ADR-RES as a model cell line for Tftargeted micelles and liposomes.
NCI/ADR-RES cells, seeded in 96-well plates, consistently formed spheroids using the non-adhesive liquid overlay technique. This technique was confirmed as reproducible for s p h e r o i d g e n e r a t i o n w i t h N C I / A D R -R E S c e l l s (Supplementary Fig. 2 ). The spheroids became visually denser over the period of their growth. The diameter of the spheroids became smaller from the day of seeding and had a consistent and reproducible diameter of~550 μm after 3 days. This size of spheroids is relevant for in vitro models since it is consistent with the larger distances between the blood capillaries in solid tumors. Compared to the normal tissues, where the distance between blood capillaries is only few cell diameters thick, solid tumors typically have cells distances averaging more than 100 μm from a blood capillary (29) . The cells at the center of the NCI/ADR-RES spheroids were 150 to 200 μm from the spheroid periphery compared to the intimate contact with the media when the cells are grown in a monolayer.
The H&E stained spheroid sections revealed a distinctly differentiated core. The formation of a distinct ischemic spheroid core was clear from at least day 4/6 when the spheroids had achieved a dense structure. The distinct appearance of the core also suggests that NCI/ADR-RES spheroids at least somewhat represent a model consistent with in vivo tumor-like conditions and supports their appropriateness for testing chemotherapeutic formulations and drug delivery systems. The effect of the spheroid's size on the development of pathophysiological and chemical gradients is substantial. Spheroids with sizes~500 μm mirror in vivo solid tumors in terms of the presence of proliferative cells closer to the blood capillaries, and of an apoptotic and necrotic core (30) . This situation leads to expression of signals in response to hypoxia and low microenvironmental pH that contributes to multidrug resistance. These signals are not observed in cells grown as monolayers at typical incubation conditions of 37°C and 5% CO 2 (31, 32) .
Micelle penetration studies into NCI/ADR-RES spheroids indicated an increased penetration with the Tf-micelles in comparison to the untargeted micelles. A slightly higher accumulation of the untargeted micelles was observed in the spheroid periphery compared to the Tf-micelles at the same depth. However, the maximum fluorescence peak intensities was observed at greater depths with the Tf-micelles compared to the untargeted micelles. Another noteworthy point was the marked presence (~5 units) of Tf-micelles at depths of up to 100 μm into the spheroids compared to the untargeted micelles observed only up to a depth of 66 μm. The Tf-targeting may have provided a 'sink effect' in which the Tf-micelles entering the spheroid are more rapidly endocytosed after interaction with Tf-receptors and so augment penetration of the targeted formulations deeper into the spheroids.
As with the untargeted micelles, the untargeted liposomes peaked more peripherally in the spheroid. Likewise, the liposomes targeted with Tf penetrated more deeply with the peak fluorescence intensities at 30 to 40 μm depth. The Tfliposomes were rapidly endocytosed by the NCI/ADR-RES cells in the spheroids as indicated by a higher rhodamine label intensity. These results mirrored the observed increased cellular association of Tf-targeted liposomes in monolayers shown by FACS. In general, both Tf-micelles and Tf-liposomes gave similar patterns of spheroid association and penetration. In both the studies, a greater penetration was observed with Tftargeting. However, the extent of penetration was somewhat different for the two nanocarriers, with a greater micellar penetration, perhaps related to the difference in size of the nanocarriers.
The NCI/ADR-RES spheroids treated with the Tf-NCL-240-micelles showed that a significant increase in cell death was triggered as compared to untargeted drug-loaded micelles. The increased cytotoxicity was expected with the higher spheroid association and penetration of the Tf-micelles. Tftargeting improved cytotoxicity of NCL-240 micelles at half the NCL-240 dose observed with untargeted micelles.
Spheroid penetration and association by targeted and untargeted drug-loaded liposomes suggested improved uptake of Tf-liposomes compared to the untargeted liposomes. However, the cytotoxicity studies indicated a significant cytotoxic effect only of 2.0 mol% Tf-NCL-240-liposomes. We suggest that with the short period of treatment incubation, the 2.0 mol% Tf-NCL-240-liposomes had greater internalization compared to the 1.0 mol% Tf-NCL-240-liposomes. Overall, targeting enhanced the cytotoxicity of NCL-240.
CONCLUSION
Lipid-core micelles and liposomes were prepared to solubilize and deliver NCL-240 to spheroids of NCI/ADR-RES cancer cells. The spheroids somewhat mimic the solid tumors in vivo and thus provide an advantage for study of the effects of a targeted delivery system with the encapsulated NCL-240 in a simulated tumor micro-environment. The spheroid penetration studies indicate that targeting enhances the delivery of micelles and liposomes to the spheroids. The enhanced delivery of NCL-240 with such targeted delivery improves its cytotoxic effects.
